Objectives: To assess whether methicillin-resistant Staphylococcus aureus (MRSA) vancomycin MIC shifts (MIC creep) at a tertiary care institution occurred that may have gone undetected using traditional susceptibility markers ( percentage susceptible, MIC 50 , MIC 90 ) over a 5 year period. Additionally, MIC trends were evaluated for oxacillin, linezolid and daptomycin.
Introduction
Staphylococci are among the most common organisms in hospital-acquired infections. For decades, therapies for methicillin-resistant Staphylococcus aureus (MRSA) have been limited primarily to vancomycin. Thus, the association of vancomycin treatment failures with increased vancomycin MICs is concerning, especially as these MICs are within what is considered the susceptible range. 1 -4 Because susceptibility information is typically provided as categorical data (usually as the percentage of susceptible isolates), breakpoints may allow for shifts in MIC populations to go unrecognized unless there is a change in the categorical interpretation. This increase in MICs over time has been referred to as 'MIC creep'. Although percentile MIC markers (e.g. MIC 50 and MIC 90 ) are more quantitative than categorical data, they may mask important changes in MIC distributions as well. The geometric mean MIC is a more sensitive marker and may more accurately reflect changes in MIC distributions when compared with traditional percentile calculations such as the MIC 50 or MIC 90 . 5, 6 Although the use of MICs rather than categorical data would be an improvement, the traditional 2-fold dilutions used in MIC testing may also obscure these changes. 6 MIC testing with the Etest, which incorporates intermediate as well as traditional dilutions, would seem to be correct for this problem. By utilizing both a more sensitive testing method (Etest) and a more sensitive susceptibility marker (geometric mean), important MIC changes over time will more likely be detected. 6 Other studies have not been able to detect changes in MICs using the traditional susceptibility markers such as the MIC 50 or MIC 90 (see Discussion). Thus, the primary objective of this study was to evaluate MIC trends for clinical MRSA blood isolates to vancomycin over a 5 year period (2001 -05) using the Etest and the geometric mean MIC. Secondarily, MIC trends of these isolates to linezolid, oxacillin and daptomycin were also characterized.
Materials and methods

Microorganisms
Clinical MRSA isolates from blood cultures were collected from sequential individual patients at New Hanover Regional Medical Center in Wilmington, NC, USA from January 2001 through December 2005. Only one isolate per patient was included in this analysis. For those patients with more than one isolate, only the first isolate was tested. All isolates were identified as Staphylococcus aureus according to standard methods. 7 Initial susceptibility testing for oxacillin resistance was performed using the Microscan Pos BP Combo Type 20 Panel. Individual isolates were then stored in Microbank vials (Pro-Lab Diagnostics, Austin, TX, USA) at 2708C until MIC testing was performed. No thawing or subculturing of isolates was performed between initial storage and MIC testing.
Drugs evaluated
MICs of vancomycin, linezolid, oxacillin and daptomycin were determined by the Etest. Oxacillin testing was performed to confirm oxacillin resistance. Etest strips for each drug were obtained from AB BioDisk, Solna, Sweden.
MIC testing methods
Prior to MIC testing for each isolate, a single bead was aseptically removed from the Microbank vial and spread onto the surface of trypticase soy agar plates supplemented with 5% sheep blood. These plates were then incubated overnight (18-24 h) at 358C in ambient air. Each isolate was subcultured and incubated overnight for a second time under the same conditions. From these plates, portions of three to five individual colonies were inoculated into 5 mL of tryptic soy broth and incubated for 18 h. A 0.5 McFarland turbidity standard was used to streak the inoculum onto the surface of a 150 mm Mueller -Hinton II agar plate (supplemented with 2% NaCl for oxacillin only) to create a confluent lawn of microbial growth. The surface of the plate was allowed to dry for 15 min prior to Etest strip application.
MIC testing was performed using the Etest method, following manufacturer's guidelines. The four antibiotic Etest strips were applied to the agar surface using an Etest applicator and were not moved following application. MICs were read in accordance with the manufacturer's guidelines. MIC testing of the organisms was performed over a period of 4 weeks in a single laboratory. All MICs were read by a single observer.
Data analysis
The MIC 50 , MIC 90 , MIC range, modal MIC, median MIC, geometric mean MIC, percentage susceptible (%S) and resistant (%R) were evaluated. Per cent susceptible and resistant were determined using the most recent CLSI (formerly NCCLS) breakpoints. 8 All calculations were performed for each year in the study using only those isolates collected in that calendar year. The susceptibility breakpoints were 2 mg/L for vancomycin, 4 mg/L for linezolid and1 mg/L for daptomycin. The breakpoint for oxacillin resistance was 4 mg/L. Actual Etest MIC values were used for all calculations and analyses and not rounded up to the next highest traditional 2-fold MIC value. However, for the calculation of the geometric mean, values reported as 'greater than' (e.g. .256 mg/L for oxacillin) were rounded up to the next intermediate dilution (e.g. 384 mg/L) as absolute values are required for this calculation.
Assessment of MIC creep
Each of the previously described susceptibility markers was calculated in each year and plotted over time to visually inspect for trends. The MIC population distribution in each year for each agent was also plotted for visual inspection of changes in the distribution over time. Additionally, individual MICs were plotted against time to evaluate changes over time. Finally, the percentage of isolates with a median MIC less than or equal to the 2001 median MIC for each individual agent was calculated for each year. This was carried out by calculating the percentage of isolates in each year for each drug with an MIC less than or equal to the median MIC for the index year (2001).
Statistical analysis
MIC trends over the 5 years were assessed using non-parametric methods. Statistical significance was defined a priori as P , 0.05. For the analysis of MIC trends over time, non-parametric correlation (Spearman's r) was used. The Mantel -Haenszel x 2 test was used to assess trends in the proportion of MICs less than or equal to the 2001 median MIC for each individual agent over the study period. Non-parametric correlation was also used to assess the association between MICs of oxacillin and those of vancomycin, linezolid and daptomycin. Overall, MICs increased for vancomycin, linezolid and oxacillin (P , 0.0001) and declined slightly for daptomycin (P ¼ 0.0386) over the study period. The MIC trends appeared to either plateau or decline between 2004 and 2005 for oxacillin, vancomycin and daptomycin, but continued to increase for linezolid. Results from the analysis of the MIC trends based on comparison with the 2001 median MIC are shown in Table 2 . The percentage of MICs less than or equal to the 2001 median MIC significantly declined for vancomycin, linezolid and oxacillin (P , 0.0001), indicating a shift to higher MICs over the study period. In contrast, no trend was noted for daptomycin (P ¼ 0.1361). Correlation analysis between MICs of oxacillin and those of vancomycin, linezolid and daptomycin revealed a statistically significant association for all three agents, although the degree of the association was not very strong. The strongest association was noted for linezolid (r ¼ 0.364, P , 0.0001), followed by vancomycin (r ¼ 0.353, P , 0.0001) and daptomycin (r ¼ 0.106, P ¼ 0.0063). Analysis excluding isolates with oxacillin MICs . 256 mg/L did not change the strength or the statistical significance of the associations for any drug.
Results
Discussion
MRSA continues to be a major pathogen in hospital-acquired infections. Over the last 40 years, its incidence has continually increased with recently published estimates of 60% in ICUs. 9 Recognition of vancomycin-resistant S. aureus, vancomycinintermediate S. aureus (VISA) and hetero-resistant S. aureus (h-VISA) has caused a great deal of concern as they have been associated with clinical failures. 4,10 -12 As decreases in vancomycin susceptibility appear to occur along a continuum, close scrutiny of vancomycin susceptibility trends is warranted. 13 Studies reporting vancomycin MIC creep with MRSA have produced conflicting results most likely due to the MIC statistic used. Reports from large multicentre surveillance studies have not reported changes in vancomycin susceptibilities over time. 14 -17 However, these types of studies are not designed to detect more subtle changes in MIC populations. They typically combine data from multiple institutions, test abbreviated MIC ranges and utilize less-sensitive traditional susceptibility markers (e.g. %S, MIC 50 , MIC 90 ) in their analyses. Combining data from multiple centres (nationally and/or internationally) can obscure trends that may exist within a given institution(s) or country as a result of differences in patient populations and drug usage patterns. The use of abbreviated MIC ranges will limit the ability to detect shifts and their magnitude in MIC populations, especially if the shifts occur outside the tested range or near the upper end of the range tested. Furthermore, the use of traditional 2-fold dilution MIC testing instead of more precise measurement (intermediate dilutions) may also obscure changes. 6 Finally, traditional susceptibility markers such as the MIC 50 and the MIC 90 are not sensitive to changes that can occur well below these arbitrary cutoffs. Moreover, the percentage susceptibility does not change unless the MIC population shifts occur around the susceptibility breakpoint. Interestingly, a recent report from the BSAC Bacteraemia Resistance Surveillance Programme representing multiple centres in the UK and Ireland did report a significant increase in vancomycin MICs for S. aureus isolates. However, their analysis, like ours, was based on the changes in the geometric mean MIC and not on traditional susceptibility markers. 18 Most surveillance studies reporting vancomycin susceptibility changes over time have been reported by single centres and span a similar time period as our study (2000 -05) . 19 -22 Golan et al. 19 reported a statistically significant increase in vancomycin MICs over a 4 year period (2002 -05) at their institution. The 1.6-fold increase in geometric mean MIC was similar to that reported in our study. The major increase in vancomycin MICs occurred with isolates increasing from 0.5 to .0.5 mg/L; the biggest increase being seen with a 4-fold increase in MICs of 2 mg/L. Interestingly, of those organisms with an MIC of 2 mg/L by broth microdilution, ,60% were identified by the automated systems studied (Vitek and Vitek 2). This observation may explain in part why vancomycin MIC creep has not been more widely detected. Wang et al. 22 recently published their experience from UCLA over a 5 year period for 6603 clinical The geometric mean increased from 1.6 to 3.3 mg/L and the percentage of isolates with MICs of 4 and 8 mg/L increased from 26% to 60% and from 0% to 9%, respectively. They also documented that the automated susceptibility testing system at their institution (Vitek 2) detected ,30% of the MRSA isolates with a broth dilution MIC 4 mg/L to MRSA. We also demonstrated an increased linezolid geometric mean; however, the magnitude of the increase was not as great (1.4-fold versus 2.1-fold) and the pattern of the increase was different. Golan et al. reported a large increase in the geometric mean for the second year, which subsequently reached a plateau. In contrast, linezolid MICs increased steadily over the study period in our study. The reason for these different patterns is unknown, but may be due to differences in linezolid usage patterns between the two institutions, the baseline MICs (ours were initially lower or more susceptible), different MIC testing methods (Etest versus broth dilution) or other factors. Our data in concert with those from Golan et al. suggest that linezolid MIC creep is occurring.
As reported by other investigators, we demonstrated a statistically significant increase in MRSA vancomycin MICs over time. The magnitude of this increase was similar among studies, with the largest increase seen with MICs increasing from 0.5 to 1 mg/L and smaller increases seen with MICs . 1 mg/L. These increases were consistent across analyses as evidenced by the population distributions as well as the trend analyses and occurred in that range where clinical efficacy may be compromised. 1, 3, 4, 27 We also documented increasing MICs with linezolid and oxacillin, which is consistent with previous reports. The oxacillin data are interesting in that we documented that the degree of resistance may be changing as evidenced by the increased oxacillin geometric mean MICs. The extent of these increases may be underestimated because of the number of isolates with Etest MICs .256 mg/L that were rounded up to the next intermediate Etest dilution. As most susceptibility testing typically stops at oxacillin MICs of 4 mg/L, this shift in MICs would not normally be detected. The significance of this is not known, but associations between oxacillin MICs and MICs of all other agents, although weak, were demonstrated. Thus, selection of S. aureus strains with high MICs of one agent may also select for higher MICs of other agents. Interestingly, the association was strongest for vancomycin and linezolid, the only two agents that also demonstrated increasing MICs. Although these associations were determined with oxacillin MICs that were rounded up to the next intermediate Etest dilution, when analysed without these data (rounded MIC values) the strength or statistical significance of these relationships was not affected. Finally, these MIC changes occurred within the susceptible category for vancomycin and linezolid or the resistant category for oxacillin, illustrating a major flaw in the use of categorical susceptibility data for surveillance. Although significant changes in the MIC populations were occurring, the percentage susceptibility remained at 100% for both vancomycin and linezolid. Analysis of other traditional susceptibility markers (e.g. MIC 50 and MIC 90 ) only demonstrated minor changes which occurred later than those which would have been detected by use of the geometric mean.
The clinical significance of the MIC increases we noted is not clear. However, even subtle changes in MIC populations can substantially alter the pharmacodynamic profile and thus the clinical utility of an agent. For both vancomycin and linezolid, the primary pharmacodynamic parameter predicting efficacy is the AUC/MIC. 28 -34 Even one intermediate dilution MIC change can affect the AUC/MIC achieved in an individual patient; similarly, a shift in an MIC population can drastically affect the anticipated target attainment rate associated with a specific AUC/MIC target. Furthermore, the increase in MICs over time may accelerate the development of resistance because of suboptimal drug exposure resulting from usual dosing regimens of vancomycin. 35 In summary, we documented an increase in vancomycin, linezolid and oxacillin MICs over time in clinical, non-VISA MRSA blood isolates. For vancomycin and linezolid, these MIC increases were not reliably detected by the percentage susceptible, as they occurred below the susceptibility breakpoint. These data illustrate that significant changes in MICs can occur within susceptible isolate populations. These changes may portend the future development of resistance and may help to explain the clinical failures, especially with vancomycin. Closer scrutiny of susceptibility trends should include MIC population analyses rather than sole reliance on traditional susceptibility markers.
